Summary 23
Roots form highly complex systems varying in growth direction and branching pattern to 24 forage for nutrients efficiently. Here mutations in the KAI2 (KARRIKIN INSENSITIVE) a/b-25 fold hydrolase and the MAX2 (MORE AXILLARY GROWTH 2) F-box leucine-rich protein, 26 which together perceive karrikins (smoke-derived butenolides), caused alteration in root 27 growth direction (root skewing and waving) of Arabidopsis thaliana. This exaggerated root 28 skewing was independent of endogenous strigolactone perception by the D14 a/b-fold 29 hydrolase and MAX2. Thus KAI2/MAX2's regulation of root growth may be through 30 perception of endogenous KAI2-ligands, which have yet to be identified. Degradation targets 31 of the KAI2/MAX2 complex, SMAX1 (SUPPRESSOR OF MAX2-1) and SMXL6, 7, 8 32 (SUPPRESSOR OF MAX2-1-LIKE) are also involved in the regulation of root skewing. 33
Introduction 42
Roots grow in complex patterns that are highly relevant to their adaptation to different soil 43
conditions and yet very difficult to investigate in this complex medium. Arabidopsis thaliana 44 roots grown vertically on solid medium produce specific surface-dependent growth patterns 45 described as skewing (deviation from vertical) and waving (Roy & Bassham, 2014) . 46
Established differences amongst Arabidopsis ecotypes suggest that these patterns may reflect 47 step. A LiCl precipitation step was used to purify and concentrate the RNA before downstream 154 qPCR analysis. 155 156 cDNA synthesis and transcript abundance measurement 157
Complementary DNA (cDNA) was synthesized from 500 ng RNA using the RT QuantiTect 158 reverse transcription kit (Qiagen), following manufacturer's instructions except that incubation 159 time was lengthened for the gDNA Wipeout step (3 minutes at 42°C) and the cDNA synthesis 160
(25 minutes at 42°C). cDNA was used as template in a quantitative real-time PCR using the 161 SYBR GREEN PCR kit (Qiagen) and the Rotor-Gene 3000 thermocycler (Qiagen) to 162 determine transcript abundance of the genes of interest Calmodulin-like (CML) 12 and CML24. 163 qPCR amplification cycle consisted of 5 min at 95°C followed by 40 cycles of 5 s at 95°C and 164 10 s at 60°C. Melting curves (ramping from 55°C to 95°C rising 1°C each step, with a 5s delay 165 between steps) were checked for unspecific amplification. qPCR traces were analysed using 166 the R qpcR package (relevant parameters: data were normalized and the background 167 subtracted; starting fit model: l4; efficiency estimation: cpD2; refmean: True; baseline 168 subtraction using the average of the first 5 cycles; (Ritz & Spiess, 2008 ) R package version 169 1. 4-0. 2015) to calculate Ct values. Efficiencies (all > 92%) were calculated using the 170 calibration curve method. For each gene, the expression was calculated following the formula 171
E= (eff -Ct ). Expression of the genes of interest was normalised against two housekeeping genes 172
Ubiquitin 10 (UBQ10) and Tubulin 4 (TUB4), as followed R Gene of Interest = E Gene of 173
Interest /(sqrt(E UBQ10 * E TUB4 )). qPCR primers are listed in Table S1 . 174
175

Measurements of cytosolic Ca
2+ concentration ([Ca 2+ ] cyt ) in response to mechanical 176 stimulation 177
Col and max2 (transformed using floral dip with Agrobacterium tumefaciens to express 178 (apo)aequorin under a 35S promoter, Dodd et al., 2006) ) were used at T3 or T4 generation to 179 determine cytosolic free Ca 2+ concentration ([Ca 2+ ] cyt ). Equivalence of aequorin levels were 180 determined by discharge assay of luminescence (> 4 million luminescence counts for both Col 181 and max2). Plants were grown vertically on solid medium for 7-8 days as described above. 182
Excised root tips (1 cm) were placed in the wells (one root per well) of a white 96-well plate 183 (Greiner Bio-One, UK) and incubated in 100 µL of bathing solution (10 µM coelentrazine, Lux 184
Biotechnology, UK), 0.1 mM KCl, 10 mM CaCl 2 and 2 mM bis-Tris propane, pH 5.8 adjusted 185 with 0.5 M MES) for 2h in the dark, at room temperature. Luminescence was then recorded 186 every second in a plate-reading luminometer (FLUOstar Optima, BMG labtech, Ortenberg, 187 Germany). After 35 s, 100 µL of bathing solution (without coelentrazine) was injected into the 188 well at 200 µL s -1 to cause a mechanical stimulus to the root resulting in a sudden increase in 189 luminescence ("touch response"). The signal was monitored for a further 120 s, when a 100 µL 190 of discharge solution (3 M CaCl 2 , in 30% (v/v) 
Root gravitropism assays 195
Arabidopsis plants were grown vertically for 14 days on the surface of control medium. On the 196 day of the experiment, roots were positioned by aligning their root tips so that they could be 197 imaged together. Plates were then placed vertically in the growth incubator but rotated through 198 a 90° angle thus inducing a 90° change in gravitropic orientation. Root tips were imaged using 199 a Raspberry Pi camera module (http://www.raspberrypi.org/). Images were acquired every 10 200 min for 10 h. Image analysis was conducted using ARTT (Russino et al., 2013) which tracked 201 the root tip growth and gave the tip orientation and displacement as output. Tip orientation was 202 normalised to the displacement to take into account differences in growth rate. 203
204
Data representation and statistical analysis 205
Root skewing data were represented using beanplots constructed in the R environment (R Core 206
Team, 2012) using the beanplot package (Kampstra, 2014) , to show the variability in root 207 skewing angle. Statistical analyses were also conducted in the R environment. Normal 208 distribution of the data and equality of variance were verified using Shapiro and Levene tests 209 (Lawstat package, Gastwirth et al., 2017) , respectively. Significant differences amongst 210 genotypes were verified using one-way Analysis of Variance (ANOVA), followed by Tukey 211 HSD. ANOVAs were conducted on rank values as a non-parametric method, when data did 212 not uphold the assumptions of normality and homoscedasticity. All experiments were repeated 213 at least three times. 214
215
Results
216
Mutation in kai2 and max2 increases root rightward skew 217
If KL or karrikins were involved in root skewing then insensitive mutants of Arabidopsis 218 thaliana would display an aberrant root-skewing phenotype. Vertically-grown kai2-1 and kai2-219 2 mutants showed significantly increased rightward root skewing compared to the Ler wild 220 type (a, root tip displacement, viewed from the back of the plate: Fig. 1a, b ; Tukey HSD, p < 221 0.01). Vertically-grown max2-7 and max2-8 mutants also showed a significant increase in 222 rightward root skewing compared to wild type ( Fig. 1a, b ; Tukey HSD, p < 0.01). 223
224
Horizontal Growth Index (HGI; ratio of root tip displacement along the x axis to root 225 length, Grabov et al., 2004; Vaughn & Masson, 2011) was also significantly higher in kai2-1, 226 kai2-2, max2-7, and max2-8 compared to wild type ( Fig. 1c ; Tukey HSD, p < 0.01), supporting 227 the skewing angle data and showing increased deviation from vertical by mutant roots. 228
Similarly, the Vertical Growth Index (VGI; ratio of root tip displacement along the y axis to 229 root length, Grabov et al., 2004; Vaughn & Masson, 2011) Although no physical interaction has been demonstrated between KAI2 and MAX2, they have 238 been placed in the same signalling pathway through genetic studies of elongated hypocotyl 239 phenotypes (Waters et al., 2012) . Here, the double mutant kai2-2 max2-8 showed a 240 significantly increased rightward root skewing compared to wild type (Fig. 2a, b , Tukey HSD, 241 p < 0.05), which was not significantly different from that of kai2-2 ( Fig. 2a, b ; Tukey HSD, 242 n.s.). That skewing angle of the kai2-2 max2-8 double mutant was not greater than that of the 243 kai2-2 single mutant suggests that KAI2 and MAX2 operate in the same pathway. Critically, 244 d14 mutants that are insensitive to SL but not KAR (Waters et al., 2012) showed no significant 245 increase in root skewing compared to wild type (Fig. 2c, d was not significantly different to wild type (Fig. S1b; Tukey HSD, n.s.) . As the DLK2 protein 249 is related to both KAI2 and D14, overall these data demonstrate a specific role for KAI2 and 250 MAX2 in the regulation of root skewing and thus implicate KL/KAR sensing through these 251
proteins. 252
KAR 2 reduces root skewing 254
In the absence of purified and identified KL compounds, the effect of KAR on root skewing 255 was tested using the potent karrikin KAR 2 (Nelson et al., 2009; Waters et al., 2015a Because of the structural similarities between KAR and the SL analogue GR24 rac (Zwanenburg 276 et al., 2009) , and the already established role of GR24 rac in regulating root growth (Ruyter-277 Spira et al., 2011; Kapulnik et al., 2011; Rasmussen et al., 2012) , we tested the effect of 278 GR24 rac on root skewing. A racemic mix of GR24 (GR24 rac ) that can also be perceived by 279 KAI2 (Scaffidi et al., 2014; Waters et al., 2015a) was tested at 1 and 5 µM as greater 280 concentrations tend to have a toxicity effect on root growth (Ruyter-Spira et al., 2011) . 281
Treatment with GR24 rac led to a small increase in rightward root skewing in Ler plants at 1 µM 282 (Fig. S3a , Tukey HSD, p < 0.01) but not at 5 µM GR24 rac (Tukey HSD, n.s.) . There was no 283 significant effect of 1 or 5 µM GR24 rac on kai2-1 root skewing (Tukey HSD, n.s.). There was 284 no significant effect of 1 µM GR24 rac on root skewing of kai2-2 (Tukey HSD, n.s.) and there 285 was a small but significant decrease in kai2-2 root skewing with 5 µM GR24 rac (Tukey HSD, 286 p < 0.01). There was no significant effect of 1 or 5 µM GR24 rac on the root skewing of Col 287 plants (Fig. S3b, and is degraded following SL treatment (Jiang et al., 2013; Zhou et al., 2013) . The current 299 mechanistic model for Arabidopsis is that SMAX1 is important for the KL part of the signalling 300 pathway whereas SMXL6,7,8 are more relevant to the SL part of the pathway (Soundappan et 301 al., 2015) . 302
Here we tested the hypothesis that the loss of SMAX1 or SMXL6,7,8 proteins would 303 affect root skewing. Both smax1-2 and smxl6,7,8 mutants had a significantly decreased skew 304 compared to wild type ( Fig. 3a, b ; Tukey HSD, p < 0.01), thus suggesting that the abundance 305 of these proteins is important in regulating the skew. The hypothesis that the MAX2-dependent 306 regulation of SMAX1 and SMXL6,7,8 protein abundance is relevant to the root skewing 307 phenotype was then tested. For this, the root skewing angle of the max2 smax1-2 double mutant 308 as well as the quadruple mutant max2-1 smxl6,7,8 was measured. If MAX2 were to affect root 309 skewing exclusively through the abundance of SMAX1 or SMXL6,7,8, then the presence of 310 the max2 mutation should have no effect on the root skewing phenotype of smax1-2 or 311 smxl6,7,8. Here, a significant increase in root skewing angle in the smax1-2 max2-1 double 312 mutant compared to smax1 (Tukey HSD, p < 0.01) was observed, but there was no further 313 increase in max2-1 smxl6, 7, 8 compared to smxl6, 7, 8 (Fig. 3b; Tukey HSD, n.s.) . Thus, we 314 conclude that the regulation of root skewing by MAX2 is dependent on SMXL6,7,8 rather than 315
SMAX1. 316 317
KAI2 and MAX2 negatively regulates both skewing on a tilted surface and waving 318
Positioning plates at a 45° angle rather than 90° increases root skewing angle. A significant 319 increase in rightward root skew angle was observed here for the Ler wild type grown at a 45° 320 plate angle (Fig. 4a , b, ANOVA, F (1,510) =134.9, p < 0.001), whilst kai2-1, kai2-2, max2-7, and 321 max2-8 also showed a significantly increased rightward root skewing angle compared to Ler 322 ( Fig. 3a,b ; Tukey HSD, p < 0.01). The increase in mutant root skew relative to wild type was 323 maintained at the 45° plate angle compared to growth at 90°, indicating that loss of KAI2 or 324 MAX2 did affect the mutant's ability to sense and respond to the tilt. 325
Although mechanistic models for root skewing vary (Roy & Bassham, 2014) , the 326 rotation of epidermal cell files is considered to be an important feature (Sedbrook et al., 2002; 327 Oliva & Dunand, 2007; Wang et al., 2011) . Right-handed cell file rotation was significantly 328 increased in both kai2-2 (mean ± SEM 6.93 ± 0.44 cell mm -1 ; Tukey HSD, p < 0.01) and max2-329 8 (5.13 ± 0.30 cell mm -1 ; Tukey HSD, p = 0.08) compared to Ler wild type (4.24 ± 0.25 cell 330
Increased root skewing is often also accompanied by increased root waving (Roy & 332
Bassham, 2014) -a decrease in root straightness calculated as the ratio of the cord over the root 333 length (i.e., straight roots have a ratio of 1 and the lower the ratio the less straight/more wavy 334 the root; Grabov et al., 2004; Vaughn & Masson, 2011) . Growth on a tilted surface can also 335 decrease straightness (Roy & Bassham, 2014) . When grown at 90° plate angle, both kai2-1 and 336 kai2-2 showed a significantly decreased straightness compared to Ler wild type ( Fig. 4d ; Tukey 337 HSD, p < 0.05) and similarly when grown at 45° ( Fig. 4d ; Tukey HSD, p < 0.01). Ler was 338 significantly less straight at 45° compared to 90° (Tukey HSD, p < 0.01). These data show that 339 KAI2 is involved in the negative control of both skewing and waving when plants are grown 340 vertically and at an angle. 341 342 kai2 and max2 can support a normal mechano-sensing transcriptional response 343
The growth responses of the kai2 mutants on tilted plates suggested that the mutation does not 344 affect the root tip's ability to sense the increased mechanical impedance afforded by the 345 inclined growth medium. Rather, that the kai2 mutants have an exaggerated root skew when 346 grown on a tilted surface suggests that downstream responses are impaired. To test for a role 347 for KAI2 in mechano-sensing responses seedlings were subjected to mechanical stress prior to 348 determination of root transcript levels of CML12 and CML24 (CALMODULIN LIKE 349 PROTEIN, Fig. 5a ). These transcripts are known to increase upon mechanical stimulation 350 (Braam & Davis, 1990) . These tests also addressed max2 and d14 in the Col background (Fig.  351 5b Agravitropic mutants can also show an increased root skewing (Okada & Shimura, 1990 ). To 368 investigate whether an aberrant gravitropic response of kai2-2 plants contributed to their 369 skewing phenotype, root tip orientation was monitored every 10 min after gravistimulation for 370 10 h. Both kai2-2 and wild type responded significantly with a change of tip orientation over 371 time ( Fig. 7 ; ANOVA F (1,4022) = 46.8, p < 0.001). Comparisons of the responses (normalised 372 for elongation rate) using ANOVA showed that there was a significant interaction between 373 time and genotype (ANOVA, F (1, 4022) = 40.9, p < 0.01), indicating a difference in gravitropic 374 response between genotypes. kai2-2 root tip angle started to decrease later than Ler. After 100 375 min, the angle of kai2-2 was significantly higher than that of Ler (ANOVA, F (1,64) = 4.4, p < 376 0.01) but at 600 min there was no significant difference (ANOVA, F (1,64) =0.24, n.s.). Overall, 377 the difference in gravitropic response between kai2-2 and Ler may be a small contributory 378 factor to root skewing, but occurring only in the early stages of the response. 379
380
MAX2 regulation of root skewing involves SKS3 and SKU5 381
Similarly to the kai2 and max2 mutants, mutant plants deficient in the SKU5 protein that is 382 linked to the plasma membrane by a glycosylphosphatidylinositol (GPI) anchor also showed 383 an increased rightward root skewing phenotype, increased CFR with no change in gravitropic 384 response (Sedbrook et al., 2002) . In our experiments, sku5 also displayed a rightward skew 385 when grown vertically that was significantly greater than the wild type (Fig 8b, Tukey HSD showing that SKU5 and MAX2 can regulate root skewing in the same pathway but as the 388 skewing angle of the sku5 max2 mutant was significantly higher than that of sku5 (Tukey HSD, 389 p < 0.001) this suggests that part of the MAX2 pathway is SKU5-independent. The sks3 (sku5 390 similar 3) mutant deficient in a SKU5-related protein also showed a decreased rightward root 391 skewing (Tukey HSD, p < 0.05) that was maintained even in the absence of MAX2 392 (comparison sks3: sks3 max2-1, Tukey HSD, n.s.). These data suggest that the abundance of 393 SKS3 protein may itself regulate root skewing and that the abundance of this protein may be 394 regulated through the MAX2 pathway. sks3 and sku5 do suppress the high LRD of max2 395 mutants ( Fig. S4) as well as the decreased germination rate (Fig. S5) . Thus, our data suggest 396 that members of the SKU/SKS at least SKS3 are degradation targets for the MAX2 pathway, 397
and in the case of SKS3 specifically regulating of root skewing. The genetic link established 398
here between MAX2 and SKU/SKS family points towards a role of MAX2 in regulating, 399 through SKS3, a cell wall-dependent process. 400
401
KAI2 and MAX2 positively regulate root diameter 402
Given the subtle responses in terms of gravitropism and mechanical stimulation versus the clear 403 increase in CFR and link with members of the SKU/SKS family, we hypothesise that in both 404 the kai2 and max2 mutants the root skewing phenotype arises due to a restriction of cell growth. 405 This is supported by our finding that the mean root diameter of the mutants was significantly 406 narrower than that of wild type (Fig. S6, Ler 166 .43 µm ± 1.79, kai2-2 155.57 µm ± 1.41, 407 max2-8 146.59 µm ± 1.67; Tukey HSD p < 0.001), suggesting that root radial expansion may 408 be restricted. 409
410
Discussion 411
Evidence here demonstrating a role for KAI2 and MAX2 in regulating root skewing and 412 waving in Arabidopsis reinforces the idea that plant endogenous KL can act as a phytohormone 413 (Conn & Nelson, 2016) . This is the first root growth phenotype characterised for karrikin-414 insensitive mutants in a non-host species (Gutjahr et al. 2015) . 415
416
KAI2 and MAX2 as new regulatory components for root skewing 417
The characterization of different root skewing and waving abilities amongst Arabidopsis 418 ecotypes strongly suggests that the surface-dependent growth patterns represent an adaptive 419 response relevant to natural soil conditions (Vaughn & Masson, 2011; Schultz et al., 2017) . 420
Mutants have proved useful in identifying new components of the machinery regulating root 421 skewing in Arabidopsis. Here the increased root skewing phenotype of kai2 and max2 suggests 422 that both KAI2 and MAX2 negatively regulate root skewing. Since these two proteins are 423 involved in the perception of KAR and KL this provides evidence supporting a role for KL in 424 regulating root skewing. Previous studies have shown an involvement of the SL pathway in the 425 regulation of root system architecture (although skewing and waving were not reported) 426 (Ruyter-Spira et al., 2011; Kapulnik et al., 2011; Rasmussen et al., 2012 Arabidopsis roots using microarrays, three were associated to the cell wall either because of 453 their physical location (PAP24), or because of their role in cell wall integrity (DIN2) or 454 formation (MIOX4, Schultz et al., 2017) . SKS15 also presented an expression pattern indicative 455 of a possible role in root skewing in this study. However, analysis of the cell wall composition 456 using Fourier transform infrared spectroscopy and analysis of neutral sugars revealed no 457 differences between sku5 mutant and wild type (Sedbrook et al., 2002) . 458
Several lines of evidence suggest that KL and KAR affect cell wall composition. First, 459 amongst the 133 genes that are differentially regulated 24h post-imbibition with 1 µM KAR 1 , 460 11 relate to cell wall (Nelson et al., 2010) . Genes annotated as being part of the 'plant-cell type 461 cell wall' category of the GO cellular component were significantly enriched in the set of genes 462 regulated by KAR 1 . Amongst those genes, sks17 (SKU5 similar 17) was found to be 463 here do not support the idea that there is a clear dichotomy in terms of the degradation-target 476 proteins involved in the perception pathways for SL and KL. Rather the data support a role for 477 MAX2 in regulating the skew in a D14-independent pathway through SMXL6,7,8 rather than 478 SMAX1. However, this is complicated by the fact that SMAX1 itself appears to regulate root 479 skewing. One explanation for this observation might be that SMAX1 regulates the skew 480 indirectly via the regulation of SMX6,7,8. In this scenario, the smax1-2 mutant has a skewing 481 phenotype because of a decreased level of SMXL6,7,8, proteins. The lack of direct effect of 482 SMAX1 on root skewing is also supported by the fact that there is no further increase in root 483 skewing in the smxl6,7,8 max2 mutant compared to smxl6,7,8. In the quadruple mutant SMAX1 484 protein levels should be different because SMAX1 is regulated through MAX2 (Stanga et al., 485 2013; Soundappan et al., 2015) . Similarly, the level of SMXL6,7,8 should be higher in the 486 smax1-2 max2-1 compared to smax1-2, thus leading to the observed increase in root skewing 487 and supporting a role for SMXL6,7,8 in regulating root skewing. 488
In addition, a role was found for KAI2 and MAX2 but not D14 in regulating root 489 skewing. Overall, this suggests that with regards to the regulation of root growth patterns, 490 SMXL6,7,8 as well as SMAX1 may be involved in the MAX2-dependent regulation of 491 skewing, which was also found to be KL-dependent rather than SL-dependent. Much may 492 depend on the spatial localisation of proteins. SMAX1 is expressed in the root cap, while 493 SMXL6, 7 and 8 are also present in the vasculature or mature roots (Soundappan et al., 2015) . 
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